Abstract: Two in vitro batch culture experiments were conducted to obtain a total of 1811 paired data for headspace gas pressure (G P ; PSI) and volume (G V ; mL). Data were used to generate and evaluate an equation to estimate G V from G P under our laboratory conditions (G V = 4.7047 G P + 0.0512 G P 2 ).
Résumé : Deux expériences de culture en batch in vitro ont été effectuées pour obtenir un total de 1811 paires de données pour la pression (G P ; PSI) et volume (G V ; mL) du gaz de l'espace de tête. Les données ont été utilisées pour générer et évaluer une équation pour estimer le G V à partir de la G P dans des conditions de laboratoire (G V = 4,7047 G P + 0,0512 G P 2 ). [Traduit par la Rédaction]
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Estimation of headspace gas volume (G V ) from headspace pressure (G P ) in in vitro batch culture experiments conducted in our laboratory is currently done using equations derived from studies conducted overseas. The use of predictive equations that estimate G V from G P readings instead of direct volume measurements (Theodorou et al. 1994) , improves accuracy by reducing operator error and increases the rate at which measurements can be taken. Consequently, the analytical capacity of the batch culture system is enhanced (Mauricio et al. 1999) . The adoption of a predictive equation assumes a very small variation in the bottle headspace volume and atmospheric pressure (Pa); however, these factors can greatly differ among laboratories. In addition, heat loss from bottles at the time of pressure reading can also vary depending on each laboratory setup, although it is assumed to be unaltered (Mauricio et al. 1999) . Thus, the objective of the present work was to generate an equation to estimate G V from G P based on data obtained under our own laboratory conditions. Such an equation would be beneficial to others as it could be used to estimate G V in further experiments conducted using the batch culture system under similar experimental conditions. Two independent batch culture runs were conducted based on the procedure of Mauricio et al. (1999) . Feed ingredients commonly used in ration formulation in Canada were evaluated (barley silage, alfalfa silage, corn silage, alfalfa hay, timothy hay, wheat straw, barley grain, corn grain, wheat grain, canola meal, soybean meal, and corn gluten meal). Dried substrates ground to pass through a 1 mm screen (standard model 4; Wiley Mill; Arthur Thomas Co., Philadelphia, PA, USA) were weighed (0.7 g) into acetone-washed ANKOM F57 filter bags (50 μm pore size, Ankom Technology Corp., Macedon, NY, USA), heat sealed and deposited in 125 mL glass bottles (total of 120 bottles used). Rumen liquid was obtained from four ruminally cannulated beef cows cared for according to the guidelines of the Canadian Council on Animal Care (CCAC 1993) . The cows were fed high-forage (forage samples) or high-grain diets (grain and by-product samples), filtered using four layers of cheesecloth into insulated containers and transferred to the laboratory. Rumen fluid was kept at 39°C in a water bath and constantly stirred and flushed with oxygen (O 2 ) free carbon dioxide (CO 2 ) until use. About 45 mL of pre-warmed buffer medium (Goering and Van Soest 1970) and 15 mL of rumen liquid were added to the bottles using 50 mL bottle top dispensers while flushed with O 2 -free CO 2 . Bottles were sealed immediately with a 14 mm butyl rubber stopper plus an aluminum crimp cap and deposited in a tray over a shaker platform (120 rev min −1 ) housed in a 39°C incubator.
Headspace G P and G v were measured at 3, 6, 9, 12, 18, 24, 48, 60 , and 72 h. To increase the upper limit of the dataset, some bottles at specific timepoints were not vented. Gas pressure was measured by inserting a 23 gauge × 1 (0.6 mm × 25 mm) needle attached to a three-way stopcock and in turn to a digital manometer. Following measurement of G P , the direction of the three-way stopcock was modified to measure gas volume. Headspace gas was removed using either a 20 or 60 mL graduated syringe attached to the threeway stopcock. Gas was extracted until the G P reading in the manometer visual display was equal to zero; subsequently, the stopcock was closed, the needle disconnected, and the bottle returned to the incubator. The same process was repeated on a different day.
Pairs of G P and G V values from the two runs (n = 1827) were combined and sorted from smallest to largest. Subsequently, one pair of data was assigned to dataset 1 (n = 906) and the following assigned to dataset 2 (n = 905) in ascending order. Dataset 1 was used to generate linear and quadratic equations with intercepts set to zero or not (four equations in total). Dataset 2 (n = 905) was used to evaluate estimated G V from obtained equations. A total of 16 outliers were graphically detected and excluded from the calculations. The most precise and accurate equation generated was then compared against equations reported by Mauricio et al. (1999; G V = 0.18 + 3.697 G P + 0.0824 G P 2 ) and López et al. (2007; G V = 5.385 G P ). Boyle's law adapted to our laboratory conditions was also evaluated (G V = 4.79 G P ).
The equation reported by Mauricio et al. (1999) was obtained using 1371 pairs of observed G P and G V from studies where 17 different substrates were examined. In contrast, the equation by López et al. (2007) was obtained using 26 924 observations. Boyle's law, which states that at a constant temperature, pressure, and volume are inversely proportional, was used to predict G V from G P according to the relationship:
where V h is the headspace volume (mL) and Pa is the atmospheric pressure (PSI). Using a Pa value of 13.15 PSI and a V h value of 63 mL, a linear equation was obtained. The diffusion of headspace gases into the liquid phase is not considered in Boyle's law (Mauricio et al. 1999) .
Goodness of fit of predictions from different equations was evaluated as follows. Residuals were plotted against predicted values for the individual equations to evaluate the prediction bias. Mean centered bias and bias at the minimum and maximum values were determined as described by St-Pierre (2003) . The error of prediction was assessed using the mean-square prediction error (MSPE; Bibby and Toutenburg 1977) . The MSPE was decomposed into error due to overall bias of prediction, error due to deviation of the regression slope from unity, and error due to the disturbance or random variation (ED; higher is better). The accuracy of prediction was assessed using the root MSPE (RMSPE). Precision and accuracy were evaluated using the concordance correlation coefficient (CCC; Lin 1989) and its components. The first component was the correlation coefficient (r; larger is better), a measure of precision. The second component was the bias correction factor (Cb; larger is better), which indicates how far the regression line deviates from the line of unity. The estimate μ (closer to zero is better) that measures location shift relative to the product of two standard deviations was also calculated.
The equations from Mauricio et al. (1999) and López et al. (2017) were developed under their own particular laboratory conditions, and thus the evaluation of the goodness of fit of predictions conducted in this study was used to validate our new equation developed using specific laboratory conditions. The previously published equations and Boyle's law were used as points of reference, and not necessarily to rank the equations based on their ability to predict G V , as this might not be a fair comparison given the potential differences in laboratory conditions used.
As pointed by Mauricio et al. (1999) , the adoption of a predictive equation to estimate G V from G P assumes that variation in headspace volume (calculated as the difference between bottle volume and liquid volume), and Pa is too small to significantly affect predictions. Indeed, variation in the sea-level Pa over western Canada is small (−0.04 kPa per century in the annual average pressure; Slonosky and Graham 2005) , and thus significant effects on final G V predictions are not expected. In contrast, the use of automatic dispensers to add rumen liquid and buffer into the bottles minimizes liquid volume variation. A decrease in temperature during measurements can negatively affect G P . Our system allows processing of 120 bottles in about 30 min (when only G P is measured) or in about 50 min (when samples of gas are also collected). Because bottles are removed from the incubator in groups of three at any one time, it is assumed that any decrease in temperature during this process would have had a very low effect on G P .
The equations generated using dataset 1 were equation (1) G V = 4.9776 G P ; equation (2) G V = −0.9157 + 5.1803 G P ; equation (3) G V = 4.7047 G P + 0.0512 G P 2 ; and equation (4) G V = −0.2232 + 4.8021 G P + 0.0422 G P 2 . Based on RMSPE (from 0.64 to 0.80 mL), ED (from 75% to 100%), and CCC (1.00) statistics, all equations predicted G V precisely and accurately when evaluated using data set 2; however, the use of equations 3 and 4 resulted in more accurate predictions as they had the lowest RMSPE (0.64 mL). Equation 3, with intercept zero, was preferred over equation 4 because of its simplicity and because it makes more biological sense to have an intercept set to zero rather than a negative intercept.
When G V = 5.385 G P ), and Boyle's law adapted to our laboratory conditions (G V = 4.79 G P ); equation 3 was the most precise and accurate as it had the lowest RMSPE, the greatest ED, CCC, r, Cb, and the lowest μ. The summary of statistics for the performance of each equation is presented in Table 1 . Equation 3 had the lowest RMSPE (3.53 mL), followed by Boyle's law (6.04 mL) and equations by López et al. Note: RMSPE, root-mean-square prediction error; ECT, error due to overall bias of prediction; ER, error due to deviation of the regression slope from unity; ED, error due to the disturbance or random variation; CCC, concordance correlation coefficient; r, correlation coefficient estimate; Cb, bias correlation factor; μ, location shift relative to the scale (squared difference of the means relative to the product of two standard deviations).
a Equation 3 (2007; 10.18 mL) and Mauricio et al. (1999; 18.29 mL) . The RMSPE is a measure of accuracy of prediction and lower values are better. Decomposition of MSPE indicated that prediction error for equation 3 was almost completely from random sources (99.74%). For equations of Mauricio et al. (1999) and López et al. (2007) , 80.90% and 82.37% of their error was due to overall bias of prediction, respectively, whereas error for Boyle's law was mainly due to overall bias of prediction and deviation of the regression slope from unity. According to the CCC analysis, all equations were precise (r ≥ 0.93) and accurate (Cb ≥ 0.93). However, there was a small overall mean underprediction of G V with the use of Boyle's law equation (μ = 0.06) and the equation reported by Mauricio et al. (1999; μ = 0.36 ). In contrast, the equation reported by López et al. (2007) tended to over predict G V (μ = −0.18). Results of residuals plotted against predicted values (Figs. 1a-1d ) showed significant mean and linear biases (P < 0.01) for all equations except for equation 3 (P ≥ 0.24). The magnitude of the mean bias for equation 3 was 0.06 mL at the minimum and 0.8 mL at the maximum predicted G V . For other equations, the mean bias ranged from 0.73 to 0.99 mL at the minimum and from 3.35 to 9.58 mL at the maximum.
Based on the statistics calculated, the performance of equation 3 for estimating G V from G P ranked first, followed by Boyle's Law equation, the equation by López et al. (2007) and finally Mauricio et al. (1999) . The study suggests that when an equation developed specifically for particular laboratory conditions is not available, the next best option may be to estimate G V from G P using Boyle's law. However, that equation does not consider the diffusion of headspace gases into the liquid phase. In conclusion, the quadratic equation obtained in the present study estimates G V precisely and accurately, and can be used in further experiments conducted under similar conditions.
